, " Abstract. The present report addresses the application of surface plasmon resonance (SPR) phenomenon for urea sensing. The former promises a high sensitivity, label-free detection, and real-time information by monitoring the refractive index change at the metal-dielectric interface. In the present report, a highly sensitive urea biosensor has been developed by integrating a ZnO thin film matrix with the SPR technique. Kretschmann configuration has been used to excite the surface plasmon (SP) modes at the ZnO-metal (gold) interface using an indigeneously developed table top SPR measurement setup. Urease (Urs), the urea-specific enzyme, has been immobilized on the surface of ZnO thin film by physical adsorption technique. The SPR reflectance curves were recorded for the prism/Au/ZnO/Urs system in angular interrogation mode with phosphate-buffered saline (PBS) solution as the liquid media. The SPR resonance angle is found to be shifted toward a lower angle from 49.1 to 42.0 deg with an increase in the urea concentration (0 to 300 mg∕dl) in the PBS solution. The developed sensor (prism/Au/ZnO/Urs) is found to be highly sensitive [sensitivity ¼ 0.039 deg ∕ðmg∕dlÞ or 203 deg ∕RIU] with detection accuracy of 0.045ðdegÞ −1 .
surface plasmon resonance measurement system for efficient urea biosensing using ZnO thin film matrix 1 
Introduction
The last few decades have witnessed a surge in the demand for fast, sensitive, and easy-to use biosensors primarily for biomedical applications. Optical biosensors exhibit many advantages over other conventional biosensing technologies, including resistance to chemically reactive ambience, high immunity toward electromagnetic (EM) interference, and so on. Among all the available optical detection techniques, surface plasmon resonance (SPR) is one of the most efficient techniques for biomolecular interaction analysis due to its high sensitivity, label-free detection, and ability for real-time measurements. [1] [2] [3] Surface plasmons (SPs) can be considered as the surface bound EM modes arising due to the resonant coupling of optical EM waves with the free electrons of a metal. The SP modes are excited typically at the interface of metal and dielectric, where the two adjacent materials have opposite dielectric constants. The field intensity of SPs is maximum at the metal-dielectric interface while an evanescent wave which is used to excite the SPs decays exponentially into both the adjacent media. The excitation of SPs by the evanescent wave is achieved when the evanescent wave propagation constant becomes equal to the SP wave propagation constant, also known as the resonance condition. At resonance angle, the energy carried by the photons (evanescent wave) is transferred to the SPs, due to which the intensity of the reflected light becomes negligible. The resonance angle is highly sensitive to the material properties, specifically the refractive index of the metal and dielectric.
Refractometric sensing platforms are based on this unique property exhibited by SPs, where a change in refractive index in the vicinity of metal-dielectric interface (due to the attachment or recognition of biomolecule) alters the excitation or dispersion relation of SPs. Hence, SPR biosensors provide a promising platform for the detection of various biomolecular interactions, 4 including DNA-and RNA hybridization, [5] [6] [7] antibody-antigen interaction, [8] [9] [10] enzymatic reactions, 11 and so on. Urea, an end product of the nitrogen metabolism, is an important entity in human blood for the proper functioning of liver and kidney. Any variation or change in the urea concentration from normal level (10 to 20 mg∕dl) can lead to viablnephritic syndrome, hepatic failure, cachexia, dehydration, shock, urinary tract obstruction, gastrointestinal bleeding, and so on. 12, 13 Thus, the identification of urea above the normal concentration is very important for control and diagnosis of related diseases. Though there are reports on detection of urea using other detection techniques, limited work has been done using SPR technique. Verma and Gupta 14 reported the detection of urea and glucose using SPR biosensor based on optical fiber coupling, however, the selectivity of the fabricated biosensor is not studied. Moreover, optical fiber coupling is not a viable method for practical applications. The deposition of metal film on the core surface of an optical fiber demands precision and uniformity and also it is very difficult to launch light into optical fiber coupler, whereas prism-based geometry for the excitation of SPs is advantageous as it is slightly easier for metallic deposition and provides good surface area for functionalization of the sensing surface.
For the realization of a biosensor, a biorecognition element is foremost required and in that regime, metal oxides are reported to be efficient. Zinc oxide (ZnO) is a biocompatible material which has emerged as a suitable matrix for immobilization of biomolecules due to its unique material properties. 15, 16 Thus, ZnO has been chosen as a suitable matrix in the present work for immobilization of urea-specific enzyme (Urease, Ur). A prism/Au/AnO/Ur biosensor has been utilized for the detection of urea in phosphate-buffered saline (PBS) buffer (0 to 300 mg∕dl) in static and dynamic modes. An indigenously developed SPR measurement setup has been utilized for the study. Selectivity of the fabricated bioelectrode has been tested in the presence of other interfering biomolecules in the solution.
Experimental Details

Materials
Urs (Source: Jack Beans) was purchased from Sigma-Aldrich (Catalog number: 9002-13-5). Urea was used as an analyte in the present work, which was procured from Sisco Chemicals, India (Catalog number: 57-13-6). For preparing buffer solution, sodium phosphate monobasic anhydrous and sodium phosphate dibasic dihydrate were procured from Sisco Chemicals, India.
Preparation of Solutions
Deionized water (DI; resistivity ¼ 18.2 MΩcm −1 ) was used as a solvent to prepare the aqueous solutions. PBS 50 mM, pH 7.0 (0.9% NaCl) solution was prepared by adjusting the proportion of 0.2 M monobasic sodium phosphate solution with 0.2 M dibasic sodium phosphate solution and subsequently adding 0.9% NaCl to the solution. Urs enzyme solution (1 mg∕ml) was prepared in a fresh PBS buffer solution maintained at a pH of 7.0. The urea concentration varying from 0 to 300 mg∕dl was prepared in fresh DI.
Preparation of the Sensor and Immobilization of Urease
To fabricate the prism-based SPR sensor, a gold (Au) thin film of optimized thickness (40 nm) is deposited directly on the largest face (hypotenuse face) of the glass prism (BK-7) using thermal evaporation technique at a base pressure of 10 −6 mbar. The thickness of the Au film is controlled via quartz crystal thickness monitor. The Au-coated prisms are then postannealed in air at 250°C for 1 h to attain a stable SPR response and improve its adhesion. radio frequency (RF)-magnetron sputtering technique is used for depositing a ZnO thin film (sensing layer) of 200 nm thickness on Au-coated prisms. The deposition parameters of ZnO thin film are taken from our previously reported work. 17 ZnO thin film of the same thickness was also deposited on glass substrates under similar deposition conditions for the structural and morphological characterization. Subsequently, a low isoelectric point, IEP (5.1), 10 μl solution of Ur enzyme (1.0 mg∕ml) prepared in phosphate buffer is immobilized carefully on ZnO thin film coated prism/Au surface by physical adsorption technique. High IEP of ZnO (8.7 to 10.3) supports the strong electrostatic interaction between the enzyme (Ur) and the ZnO surface. After enzyme immobilization, the prisms are washed thoroughly with DI water to remove unbound enzyme molecules and stored at 4°C.
Measurement and Surface Plasmon Resonance Experimental Setup
The structural and crystallographic studies of deposited ZnO thin film have been carried out using a Bruker D 80 x-ray diffractometer. The surface morphology of the sensor surface, i.e., ZnO thin film deposited on Au-coated glass substrate and the Ur biomolecule immobilized on its surface was explored with Atomic Force Microscope (AFM; Bruker Dimension Icon). In the present work, an indigenously developed SPR measurement setup based on Kretschmann configuration is used to excite the SP modes at the interface of Au and ZnO. A schematic of the prism-based SPR urea sensor is shown in Fig. 1 . A detailed description of the indigenously developed SPR setup is explained in our earlier work. 18 A separate liquid sample cell of glass is developed, which is attached to the Ur/ZnO/Au coated prism such that the hypotenuse face of the prism, where Au and ZnO thin films are deposited, is in direct contact with the different concentrations of urea solution (analyte) varying from 0 to 300 mg∕dl (Fig. 1) . The SPR curves for the prism/ Au/ZnO/biomolecules/buffer system were recorded in angular interrogation mode by inserting different concentrations of urea solution in the PBS buffer kept in contact with the sensor (prism/Au/ZnO/Ur) surface (static mode) and the corresponding resonance angles are noted. The change in reflectance with increase in the concentration of urea solution at fixed resonance angle is measured with time using a CCD camera (dynamic mode).
Results and Discussion
Structural and Morphological Properties of Sputtered ZnO Thin Film
The XRD pattern of ZnO thin film deposited over a glass substrate is shown in Fig. 2(a) . There exists only a single peak corresponding to (002) plane of the wurtzite structure of ZnO at 2θ ∼ 34.25 deg confirming the deposition of a c-axis oriented ZnO thin film by the RF sputtering technique. 19 The value of crystallite size was estimated to be 23 nm using Scherrer's equation. 20 The AFM image of the ZnO thin film grown on glass substrate is shown in Fig. 2(b) . The surface morphology of ZnO thin film was smooth having uniformly distributed nanosize crystallites along with nanopores. Significant variation in the surface morphology was observed in the AFM images [ Fig. 2(c) ] of ZnO thin film after immobilization of Ur enzyme. Globular structures of about 1.5 μm diameter could be observed in the AFM image confirming the successful immobilization of Ur on the surface of ZnO thin film. from 40 to 50 deg). 18 The values of thickness are decided by taking into account the reported values of the dielectric constant of Au metal. 21 For more clarity, the variation in SPR curves is shown in two thickness ranges separately, i.e., 0 to 50 nm and 60 to 100 nm. As is evident from Fig. 3(a) , the value of reflectance and broadness of the SPR reflectance curve is continuously decreasing with an increase in thickness of the Au film from 10 to 40 nm. Moreover, on increasing the thickness (>40 nm) of the Au layer further, the reflectance is found to be increasing. Thus, a 40-nm thin Au film exhibits the best SPR curve with minimum losses and shows the sharpest SPR dip. It is also noted from Figs. 3(a) and 3(b) that the resonance dip angle (θ SPR ), where reflectance is minimum (R min ), shifts toward a lower angle with increasing thickness of the Au thin film. In general, the SPR curves for the metal-air interface can be divided into two categories (1) lower range, where the sharpness of the curve increases along with a decrease in value of R min with the thickness of the metal film and (2) higher thickness range, where the sharpness of the curve decreases along with an increase in the value of R min with the thickness of the metal layer. The results may be related to the fact that at very low thickness of metal film, the electron density is not sufficient enough to absorb the incident laser energy due to which less reflectance minima along with a broader reflectance curve is observed. On the other hand, for a higher thickness of the metal film, the losses in the metal film degrade the SPR reflectance curves resulting in a higher value of reflectance minima and FWHM.
The thickness of the ZnO thin film for prism/Au/ZnO/air configuration has also been optimized experimentally by varying its thickness from 50 to 300 nm. The SPR reflectance curves for prism/Au/ZnO/air configuration by varying thickness of ZnO are given in Fig. 4 .
As is evident from Fig. 4 , the SPR reflectance curve for a 200-nm thick ZnO thin film in prism/Au/ZnO/air configuration gives the sharpest SPR curve. Thus, the 200-nm thick ZnO film has been utilized for sensing applications.
Hence, the system prism/Au/ZnO/air having an Au thickness of 40 nm and ZnO thickness of 200 nm was optimized used for further biosensing applications.
Surface plasmon resonance reflectance curve
for prism/Au/buffer, prism/Au/ZnO/buffer and prism/Au/ZnO/Ur/buffer systems using angular interrogation method
The SPR studies for all the systems were performed in PBS buffer solution so as to prevent the denaturation of Urs enzyme immobilized over prism/Au/ZnO. In the present case, PBS buffer is taken as the semi-infinite media instead of air. The SPR reflectance curve for prism/Au/buffer at λ ¼ 633 nm is shown in Fig. 5 , where the optimized thin film of 40 nm Au is used to excite the SP mode at the metal-PBS interface. The minimum reflectance is observed to be R min ∼ 0.18 at an incident angle θ SPR ∼ 43.1 deg (Fig. 5 ) related to the SP wave excited at the interface of Au-PBS buffer. The observed SPR curve for prism/Au/buffer is found to be similar to the SPR curve reported by other workers for prism/Au/air. 19 The FWHM of the SPR reflectance curve increases (i.e., SPR curve becomes broad) and the SPR resonance angle shifts to a higher angle (48.4 deg) after depositing the ZnO thin film on Au coated glass prisms, as shown in Fig. 5 . The SPR curves shown in Fig. 5 were fitted to Fresnel's equations to determine the dielectric constant and refractive index of the film. 22 The Fig. 3 (a) Theoretically simulated SPR reflectance curves for metal/air interface for varying thickness 10 to 50 nm of gold film and (b) theoretically simulated SPR reflectance curves for varying thickness from 50 to 100 nm. complex dielectric constant (4.884 þ 0.01i) and refractive index (2.210 þ 0.0023i) for ZnO film were found to match well with the reported values. 19 The well-defined SPR reflectance curve was obtained for the prism/Au/ZnO/Urs/buffer system at λ ¼ 633 nm, as shown in Fig. 5 . Here, the FWHM of SPR reflectance curve becomes much larger and θ SPR shifts to a higher angle (i.e., θ SPR ∼ 48.9 deg) as compared to prism/Au/ buffer and prism/Au/ZnO/buffer systems (Fig. 5) . The complex dielectric constant of the biomolecule (i.e., Urs) was determined using Fresnel's equations 23 and matches well to the reported value. 18 
Response characteristics of urea biosensor using surface plasmon resonance
Surface plasmon resonance reflectance curves for prism/ Au/ZnO/Urs/buffer system. To study the application of SPR in urea sensing, the SPR reflectance curves were recorded in angular interrogation mode for prism/Au/ZnO/Urs/buffer system for varying concentrations of urea (0 to 300 mg∕dl) in PBS buffer solution separately, as depicted in Fig. 6(a) . It is clearly seen that the SPR resonance angle, θ SPR , continuously decreases linearly from 49.1 to 43.0 deg with the increase in the urea concentration from 0 to 200 mg∕dl in the buffer solution [ Fig. 6(b) ] and is due to the hydrolysis of urea catalyzed by the enzyme Ur. But increasing the concentration from 200 to 300 mg∕dl, the variation of SPR resonance angle, θ SPR , gets saturated, which suggests the saturation of active sites of the enzymes at this urea level.
Sensing mechanism. The Ur enzyme immobilized on the ZnO/Au bilayer acts as a catalyst for the hydrolysis of urea, leading to the formation of bicarbonate, ammonium, and hydroxide ions governed by the following reaction:
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In the prism-based SPR sensor, the decrease in the resonance angle (θ SPR ) is due to the decrease in the refractive index of the sensing medium in contact with the sensing layer (i.e., ZnO). 26, 27 Thus, a decrease in the refractive index of the immobilized layer of the enzyme (i.e., Urs) due to the formation of the complex between enzyme (Ur) and analyte (urea) leads to the decrease in resonance angle. The refractive index of the products of the enzymatic reactions, i.e., ammonium ions and bicarbonate ions is less than the effective refractive index of the ZnO layer over which Ur enzyme is immobilized (around 2.21). 19, 28, 29 Thus, the effective refractive index of the sensing media decreases due to the reaction between Ur enzyme and analyte urea. Now, as the concentration of urea solution increases in the sample cell, there is a consequent decrease in the refractive index of the sensing medium leading to a continuous decrease in the resonance angle with an increase in the concentration of the analyte (urea).
Sensitivity and detection accuracy. It may be noted from Fig. 6(b) that the variation in θ SPR with urea concentration is linear. The error bars take into account the measurement accuracies by each component of the experimental setup. The sensitivity of the prepared sensor was calculated by taking the ratio of change in the resonance angle with the increase in urea concentration. The sensitivity of SPR biosensor has been estimated to be about 0.039 deg ∕ðmg∕dlÞ. Sensitivity can also be defined in terms of the shift in resonance angle per unit change in the refractive index of the sensing medium. Hence, the variation in resonance angle is again plotted with the refractive index and is shown in the inset of Fig. 6(b) . The sensitivity of the prepared sensor was recalculated by taking the ratio of change in the resonance angle with the increase in the refractive index of the sensing medium. The sensitivity of the SPR biosensor has been estimated to be about 203 deg ∕RIU. The detection accuracy is the inverse of the spectral width of the SPR curves obtained experimentally for different concentrations of urea. Hence, the detection accuracy of the prepared urea biosensor prism/Au/ZnO/Urs/buffer toward urea is estimated to be about 0.045ðdegÞ −1 . Figure of merit (FOM) has been estimated for a SPR-based biosensor. FOM is defined as the ratio of sensitivity and full width at half maximum (FWHM) of the SPR reflectance curve. In the present work, FWHM of all SPR reflectance curves has been evaluated and was found to be almost same. Thus, FOM was found by taking the ratio of sensitivity and FWHM values of the prepared biosensor. FOM of the prepared sensor having a particular sensitivity and FWHM of the SPR reflectance curve was calculated to be 0.0037 ðmg∕dlÞ −1 (20.1 RIU −1 ). Koncki et al. 30 have designed an enzyme-based biosensor based on pH bulk optode membrane that suffers from the shortcoming of low sensitivity and interference. Ansari et al. 31 have developed an electrochemical urea sensor using sol-gel derived CeO 2 film having a sensitivity of 0.64 μA∕mg∕dL. Stasyuk et al. 32 have designed a novel urea biosensor based on polyaniline-nafion composite using amperometric technique and obtained a sensitivity of 110 nA∕mM mm 2 , which is very low in comparison to the sensitivity of the sensor obtained in the present work (203 deg ∕RIU). There are some disadvantages of amperometric enzyme-based biosensors over the optical ones, such as interference from chemicals present in the sample matrix and it is especially problematic in biological samples in particular, as there are often electrochemical interferences in the sample matrix.
Dynamic response of the surface plasmon resonance sensor. For measuring the transient response of the SPR urea biosensor, the angle of incidence is fixed at the SPR dip angle, θ SPR ¼ 49.1 deg. Subsequently, the change in reflectance of the SPR biosensor is monitored using a CCD camera for a particular concentration of urea in PBS solution (without urea). Figure 7 (a) shows the transient response (change in reflectance; ΔR) of the SPR biosensor. It is clear from Fig. 7 (a) that response (ΔR) increases continuously with an increase in the urea concentration from 0 to 300 mg∕dl, which is mainly due to the interaction of the biorecognition enzyme (Ur) with the analyte (urea). The observed variation in ΔR with urea concentration is due to change in the refractive index of the bulk media and the sensing layer. The sensing response of the SPR biosensor increases gradually with the increase in urea concentration due to the rise in the attachment of the urea (analyte) onto active sites of immobilized Ur on the surface of the prism/Au/ ZnO structure. For quantification of analyte (urea), the sensing response (ΔR) of SPR biosensor prism/Au/ZnO/Urs/buffer was plotted as a function of urea concentration and the calibration curve is shown in Fig. 7(b) . The response was found to increase linearly from 0.055 to 0.827 with the increase in urea concentration from 5 to 200 mg∕dl [ Fig. 7(b) ] and again showed a saturation by increasing the concentration to 300 mg∕dl.
The presently prepared biosensor based on SPR is linear over a wide range of analyte concentration, up to 200 mg∕dl. The results obtained with the SPR biosensor in the present study are encouraging and indicative of the availability of a large number of active sites on the surface of the SPR probe, which results in an enhanced response over a wide linear range of analyte concentration with stability.
Selectivity and reusability of the biosensor. In order to study the selectivity of prism/Au/ZnO/Urs bioelectrode toward the detection of urea, SPR measurements have been carried out by adding a normal concentration of the possible interferents present in human serum, such as glucose (5.0 mM), uric acid (0.1 mM), cholesterol (5.0 mM), and sodium content (140 mM), separately along with a normal concentration of urea (1 mM), as shown below in Figs. 8(a)-8(d) . No significant shift was observed in the SPR curves. The measurements were repeated five times and the relative standard deviation was found to be less than 2%. The sensor, thus, displays high selectivity toward urea.
The prism/Au/ZnO/Urs biosensor was found to be reusable and suitable for practical applications. The prism/Au/ZnO/Urs Fig. 7 (a) Dynamic variation of change in sensor response with increase in urea concentration from 0 to 300 mg∕dl and (b) the calibration curve of the sensor, i.e., the variation of change in reflectance with increase in concentration from 0 to 300 mg∕dl.
Journal of Biomedical Optics 087006-6 August 2016 • Vol. 21 (8) biosensor was regenerated after every measurement. The SPR measurements were repeated three times for a particular concentration of analyte. For all the concentration of analyte chosen in the present work, the biosensor was regenerated 21 times and was found to give the same base line. This indicates the proper regeneration of the biosensor and its reusability. The error in the repeated cycles for a particular analyte concentration was found to be around 5% for the entire range of concentration of the analyte.
Conclusion
A prism-based SPR sensor for urea detection using the SPR technique has been fabricated and characterized. The principle of the detection of urea is based on the enzymatic reaction between Ur and the urea solution. The sensor comprises of four layers, namely, prism, gold, ZnO, and enzyme (Urs). The ZnO thin film is used to immobilize Ur on its surface by the physical adsorption technique. The SPR reflectance curves were recorded in angular interrogation mode for increasing concentration of urea solution using a p-polarized He-Ne laser beam at 633-nm wavelength. The fabricated SPR biosensor prism/Au/ZnO/Urs/buffer shows a continuous decrease in the SPR reflectance angle with an increase in the concentration of the analyte (urea). The sensor shows a high sensitivity [0.039 deg ∕ðmg∕dlÞ], reusability, and reproducibility for urea detection making it appropriate for practical applications.
